Abstract. The process of composite metal foil manufacturing (CMFM) has reduced a number of limitations associated with commercial additive manufacturing (AM) methods. The existing metal AM machines are restricted by their build envelope and there is a growing market for the manufacture of large parts using AM. These parts are subsequently manufactured in fragments and are fastened together. This paper analyses the thermal stresses around cylindrical fasteners for three layered metal composite parts consisting of aluminium foil, brazing paste and copper foil layers. The investigation aims to examine the mechanical integrity of the metallurgically bonded aluminium/copper foils of 100 micron thickness manufactured in a disc shape. A cylindrical fastener set at an elevated temperature of 100 °C is fitted in the middle of the disc which results in a steady-state thermal distribution. Radial and shear stresses are computed using finite element method which shows that non-zero shear stresses developed by the copper layer inhibit the axial slippage of the fastener and thereby establishing the suitability of rivet joints for CMFM parts.
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Abstract. The process of composite metal foil manufacturing (CMFM) has reduced a number of limitations associated with commercial additive manufacturing (AM) methods. The existing metal AM machines are restricted by their build envelope and there is a growing market for the manufacture of large parts using AM. These parts are subsequently manufactured in fragments and are fastened together. This paper analyses the thermal stresses around cylindrical fasteners for three layered metal composite parts consisting of aluminium foil, brazing paste and copper foil layers. The investigation aims to examine the mechanical integrity of the metallurgically bonded aluminium/copper foils of 100 micron thickness manufactured in a disc shape. A cylindrical fastener set at an elevated temperature of 100 °C is fitted in the middle of the disc which results in a steady-state thermal distribution. Radial and shear stresses are computed using finite element method which shows that non-zero shear stresses developed by the copper layer inhibit the axial slippage of the fastener and thereby establishing the suitability of rivet joints for CMFM parts. has been introduced as a cost-effective alternative to these processes and has shown consistent results for certain mechanical properties [1] . It works by combining Laminated Object Manufacturing and brazing technologies. CMFM can join similar as well as dissimilar metal foils for the production of high quality metal and composite products at a fraction of the cost, and does not require extensive pre/post processing to improve properties or aesthetics [2] . The salient feature of CMFM process is that various metals of different grades can be combined to produce composites tailored to an application. The process has only been used to produce parts for testing of properties such as tensile strength, peel strength and shear strength. It has also produced some products of everyday use such as spanners manufactured with multiple layered aluminium alloy foil and a composite from alternate layers of copper and aluminium as shown in Figure 1 . There are a number of applications where large metal parts are produced in fragments (due to constraints on build envelope) and are fastened together with rivets for aerospace, automotive and marine structures. A smart way is the use of composite structures, as they can provide better performance as compared to using single material metal parts. This approach has its issues as well because often mechanical failures occur due to variation in thermal expansion of the two joined materials if poorly designed. CMFM can provide design freedom which will help in making complex shapes and it has already demonstrated higher fracture values for its composite products (copper/aluminium) compared to the parent alloys used [3] . This process, however, has not been tested rigorously for thermal expansion of its joining materials. Therefore, this paper will analyse the stresses induced in the composites made by CMFM due to thermal expansion mismatch between steel fasteners. This knowledge is needed to extend the applications of CMFM process, particularly for allowable stress limits around cylindrical fasteners. There are few studies on stresses in composites but most of them focus on homogeneous materials [4] . However, there are none on CMFM parts and this paper will aim to investigate such effects.
Thermal stresses around cylindrical fasteners
The general equations for stress gradients developed in reference [5] for a plate due to a hot-spot is directly relevant to this work. Figure 2 shows the cross-section of a circular plate (radius, b) with a hot-spot (radius, a) at temperature T. The non-dimensional radial stress can be expressed according to equation (2): (2) Similarly, the normalised shear stress which is the difference between radial and tangential components can be expressed according to equation (3): (3) Both radial and tangential stresses in the neighbourhood of the hot-spot converge to a value of 0.5E T for a large plate i.e., b/a→∞. Composites are made of at least two or more layers with distinct material properties for each. Analytical equations for two layered systems are relatively simple. However, as the number of layers increase such equations become more complex. No closed form solutions exist for composites of various different layers and hence in this work, FE methods were used. CMFM part investigated here is a composite made of three layers. The top and bottom layers are aluminium and copper foils respectively that are sandwiching a layer of brazing paste. All three layers have different parameters for E, & ϑ.
Experimental Methodology
FE models of a fastener were built with three layered composite consisting of aluminium foil, brazing paste and copper foil. A benchmark study was initially conducted with analytical models available for isotropic structure. Afterwards, full FE analyses were conducted by assigning material data described in Table I for the composite layers and fastener. The variations in radial and tangential stresses for various configurations of models were computed. Parametric investigations were conducted by varying thicknesses of each layer of composite. Table I were assigned for metal alloys and brazing paste in composite. The properties of steel in reference [6] were assigned to the fastener.
Finite element analysis
The CalculiX [7] is an open source non-linear FE code that is compatible with operating systems such as Linux, Windows, Mac and Android. It is divided into two independent codes (viz: Calculix GraphiX and Calculix CrunchiX). The Calculix GraphiX, also referred to as CGX, handles preprocessing to define a geometry, mesh, loads, and boundary conditions; it has both command and interactive modes. The CGX has an interactive 3D-environment that uses libraries in the openGL API for post-processing results. The Calculix CrunchiX also referred as CCX is a solver code that can do both linear and non-linear calculations. It can solve using, FE and FV methods. The CCX code is capable of performing many types of analyses including static, dynamic, fluid and thermal. FE models of the fastener and composite were built from scratch. An API script was coded with definitions of the geometry and mesh. This was done to facilitate parametric studies, it was easier to define/update model details with script. Commands were described in a script that is read by CGX. An auxiliary python code was used to update script with parameters to define geometry and meshing. In this way, FE model generation and meshing was automated. A section cut of disc equal to 1/16 of full model was built to reduce computational cost i.e., a wedge shaped sector equal to 22.5° arc cut out of a full cylinder. An illustration of the FE model is shown in Figure 3 . Solid continuum elements were used for discretization; 8-noded elements (type C3D8) were used to represent both fastener and composite. Analysis was repeated with both linear and quadratic elements. The nodes of the fastener and composite were tied for their radial displacements. Constraints to specific nodes were assigned with the "*EQUATION" keyword. A finer mesh was used for the composite in the neighbourhood fastener. The radial dimension of elements were increased away from the zone of interest. An illustration of fine and coarse meshes used are shown in Figure 4 . Particular attention was given for stress distribution around the fastener. 
Model validation
The fastener and all three layers of the composite were assigned with identical elastic modulus, Poisson's ratio and CTE. For simplicity, material data [8] for the FE model was assigned with CTE= , E= and ϑ=0.3. The model is analogous to a homogeneous plate with a local hotspot. Thermal stresses predicted by the FE model were compared with closed-form solutions (equations 2 and 3). The fastener was subjected to a 100 ℃ temperature increase and stresses developed at the interface between the fastener and surrounding materials were examined. The radial and tangential stresses becomes 0.5E T if the extent of surrounding material is large compared to the fastener. The outer radius of the plate was increased successively up to 15 times that of fastener. The FE model results were within 2% of analytical results. Comparisons of FE and analytical results are shown in Figure 5 and Figure 6 for b/a=2. 
Results and Discussion
All post-processing images were generated in CGX. Plots for the variations of radial ( ) and shear stresses ( ) as a function of position from centre were generated for each layer of composite. Plots for ratios 2 and 3 are presented in Figure 7 and Figure 8 . It can be seen that stresses in aluminium and brazing layers is analogous to analytical works. However, shear stresses are non-zero in the neighbourhood of the fastener for the copper layer. The FE stress contours for tangential stresses for ratio 3 are shown in Figure 9 . 
Conclusions
Numerical investigations were carried out for thermal stresses around cylindrical fasteners in a CMFM composite made from thin foils (100 microns) of aluminium and copper. This study will support the fastening of large parts manufactured by CMFM. The obtained results enable the design of slip-free composite structures that can have bespoke characteristics and advantages. The shear stresses ( ) are zero for homogeneous materials whereas they are always non-zero for Composite Metal Foil (CMF) under elevated temperatures. This is favourable as it will inhibit the fastener loosening axially which will provide a better support to the joint made between large parts. The numerical analysis of the aluminium/copper foil structure has shown the same trait where the copper layer is under compression and thus resulting in an even tighter fitting of the fastener. This added feature combined with the other advantages will make CMFM a very good option for joining large structures using fasteners.
